A novel impulsive noise elimination filter, entitled noise exclusive filter (NEF), which shows a high performance at the restoration of images distorted by impulsive noise, is proposed in this paper. NEF uses chi-square goodness-of-fit test in order to detect the corrupted pixels more accurately. Simulation results show that the proposed filter achieves a superior performance compared with the other filters mentioned in this paper in terms of noise suppression and detail preservation, particularly when the noise density is very high. The proposed method also achieves the robustness and detail preservation perfectly for a wide range of impulsive noise density. NEF provides efficient filtering performance with reduced computational complexity.
INTRODUCTION
Corruption of images by impulsive noise is a frequently encountered problem in acquisition, transmission, and processing of images, therefore one of the most common signal processing tasks involves the removal of impulsive noise from signals. Preservation of image details while eliminating impulsive noise is usually not possible during the restoration process of corrupted images. However, both of them are essential in the subsequent processing stages. It has been approved that the standard median filter (SMF) [1] and its modifications [2, 3, 4, 5, 6, 7, 8, 9, 10] offer satisfying performance in suppression of impulsive noise. However, these approaches are implemented invariantly across the image, thus they tend to alter the pixels undisturbed by impulsive noise and increase the edge jitters when the noise density is high. Consequently, achieving a good performance in the suppression of impulsive noise is usually at the expense of blurred and distorted image features. One way of avoiding this problem is to include a decision-making component in the filtering structure, based on a very simple but effective impulse detection mechanism. The function of the impulse detection mechanism is to check each pixel in order to find out whether it is distorted or not. When the mechanism indicates corruption, the nonlinear filtering scheme is performed for the distorted pixels, while the noise-free pixels are left unaltered in order to avoid excessive distortion. Recently, impulse-detection-based filtering methods with thresholding operations have been realized by using different modifications of impulse detectors, where the output is switched between the identities or filtering scheme [2, 3, 4] .
For the impulse detection mechanism, the proposed filter, NEF, uses chi-square goodness-of-fit test-based statistic, which supplies more efficient results than the classical impulse detection mechanisms. NEF performs the restoration of degraded images with no blurring even when the images are highly corrupted by impulsive noise. In order to evaluate the performance of the proposed filter, it is compared with the SMF and the recently introduced complex-structured impulsive noise removal methods: minimum maximum exclusive mean filter (MMEM) [5] , progressive switching median filter (PSM) [4] , iterative median filter (IMF) [4] , impulse rejecting filter (IRF) [6] , recursive adaptive centerweighted median filter (AMF) [7] , two-state recursive signal (a) (b) Figure 1 : An illustrative example to detect whether the pixels possessing the intensity level of 128 are corrupted or not: (a) 32×32-pixel-sized subimages of the corrupted Lena image, which is at the noise density of 20% (corrupted pixels were marked as black for illustration) and (b) the spatial positions of the pixels possessing the intensity value of 128 (these pixels were marked with white dots for illustration) and the counted values of the pixels which possess the value of 128 in each of the subimages.
dependent rank order mean filter (SDR) [8] , multistate median filter (MSM) [9] , and tri-state median filter (TSM) [10] . The rest of the paper is organized as follows: the proposed method is explained in Section 2. Experiments are given in Section 3, and finally, conclusions are presented in Section 4.
PROPOSED FILTER
The proposed filter, NEF, is realized in two main steps: in the first step, impulse detection is carried out and in the second step, restoration of corrupted pixels is performed.
Impulse detection
In real images, noisy pixels scatter positionally uniform throughout the image surface, since the corruption probability of each pixel is numerically equal. Therefore, the intensity levels that scatter positionally uniform over the image surface have the probability of being noise. In this paper, chi-square significance probability value of chi-square goodness-of-fit test has been used in order to detect whether the intensity levels scatter positionally uniform throughout the image surface or not. If one intensity level has been detected as scattering positionally uniform, then the pixels possessing this intensity value are considered as corrupted pixels.
The chi-square goodness-of-fit test, which uses chisquare significance probability value, can be applied to many distribution models such as Uniform, Gaussian, Weibull, Beta, Exponential, and Lognormal distribution models [11, 12, 13, 14] . Therefore, the chi-square goodness-of-fit test can be used in order to detect corrupted pixels more accurately even if the uniform assumption is not exactly satisfied.
In this paper, the image surface is divided into 32 × 32-pixel-sized unoverlapping subimages, in order to statistically analyze impulsive behavior of the intensity levels. For each intensity level, the number of the pixels, which possess this intensity level, is counted for each subimage. These counted values have been used for investigating the chi-square significance probability value of an intensity level. It is observed empirically that the intensity levels, whose chi-square significance probability values are greater than the threshold 0.002 ± 0.0005, belong to the corrupted pixels. The value of the threshold has been verified by the experiments, which were realized using various test images under different noise densities for the commonly known statistical distribution models, such as Uniform, Gaussian, Weibull, Beta, Exponential, and Lognormal distribution models [11] .
An illustrative example has been given in Figure 1 , in order to detect whether the pixels possessing the intensity level of 128 are corrupted or not. For this example, the chisquare significance probability value, p has been computed as p = 0.00 (p < threshold) for the 256 counted values of 0, Figure 1b . Therefore, the pixels possessing the intensity level of 128 are detected as uncorrupted pixels.
The chi-square goodness-of-fit test
For the computation of the chi-square goodness-of-fit testbased chi-square significance probability value [11, 12, 13, 14] of an intensity level, 256 counted values, which denote (a) Let W be a 3 × 3-pixel-sized sliding window whose center pixel is a corrupted pixel. Find the number of uncorrupted pixels that exist within the current window, W. Perform the following steps if the number of the uncorrupted pixels that exist within the current W is else than zero.
(i) For the current window, compute the Euclidean distances, d t , between the center pixel and the uncorrupted pixels by using the formula
where s denotes the number of uncorrupted pixels that exist within the current window, W. (3) given below:
(iii) Restore the intensity value of the center pixel in the current window with the value of v t , which is computed by using (4), given below:
where ρ t denotes the intensity values of the uncorrupted pixels within the current window. (b) If the number of the uncorrupted pixels in current W is equal to zero, then don't replace the intensity value of the center pixel. (c) Repeat the steps (a), (b), and (c) until each of the corrupted pixels has been restored. (4) Delete the padded pixels in order to obtain restored image at the same size of the original distorted image.
Algorithm 1 the number of the related intensity level within the subimages, have been used. Firstly, the normal distribution parameters, that is, mean, µ, and standard deviation, σ, values have been computed. Then, the inverse of the normal cumulative distribution function values, which denote the equally spaced probability interval values, have been computed from 5%-95% (with an incremental step of 10% for 10 intervals) by using the parameters of µ and σ. Then these values have been used at the computational phase of the frequency counts, J i (i = 1, 2, . . . , 10). Frequency counts have been obtained by counting the number of the counted values that exist in each of the probability intervals. By using the frequency counts, the chi-square significance probability value, p, has been obtained as 
Implementation of the proposed filter
The computational algorithm of NEF is defined step-by-step in Algorithm 1.
EXPERIMENTS
A number of experiments were realized in order to evaluate the performance of the proposed NEF in comparison with SMF and the recently introduced and highly approved filters, MMEM, PSM, IMF, IRF, AMF, SDR, MSM, and TSM. The experiments were carried out on the Lena, the Mandrill, and the Bridge test images, which are 512 × 512 pixels-sized and 8 bits per pixel. All the simulations were realized on Matlab v6.5, which is a highly approved language in signal processing community for technical computing [11] .
The restoration results of the proposed NEF and the comparison filters for the noise densities of 50% and 95% are illustrated in Figures 2 and 3 , respectively, where it is easily seen that noise suppression and detail preservation are satisfactorily attained by using the proposed NEF. The restoration results for a high noise density, 95%, are given in Figure 3 , in order to emphasize that NEF provides visually more pleasing images even if noise density is very high. The major improvement achieved by the proposed NEF has been demonstrated with the extensive simulations of the mentioned test images corrupted at different noise densities. Restoration performances of the proposed method and the comparison filters are quantitatively measured by the well-known mean squared error (MSE) criterion [11] and documented in Tables 1, 2 , and 3, where it is exactly seen that the proposed NEF provides a substantial improvement compared with the simulated filters, especially at the high noise densities. Impulsive noise removal and detail preservation are best achieved by the proposed NEF. Robustness is one of the most important requirements of modern image enhancement filters and Tables 1, 2 , and 3 indicate that the proposed NEF provides robustness substantially across a wide variation of noise densities.
Apart from the numerical behavior of any algorithm, a realistic measure of its practicality and usefulness is the computational complexity, which determines the required computing power and run time. Therefore in order to evaluate the computational complexities of the mentioned methods in this paper, the average run times of 50 runs were obtained in seconds and documented in Table 4 , where it is seen that the run time of the proposed method is smaller than the run times of the majority of comparison algorithms. The run time analysis of the proposed filter and concerned filters was conducted for test images using Pentium IV, 1.6 GHz with 512 Mb RAM computer on Windows XP.
CONCLUSIONS
The effectiveness of the proposed filter in processing different images can easily be evaluated by appreciating Tables 1,  2 , and 3, which are given to present the restoration results of NEF and the comparison filters for images degraded by impulsive noise, where noise density ranges from 5%-95%. It is seen from Tables 1, 2 , and 3 that the proposed NEF gives absolutely better restoration results and a higher resolution in the restored images compared with the restoration performances of MMEM, PSM, IMF, IRF, SMF, AMF, SDR, MSM, and TSM. In addition, the proposed NEF supplies a more pleasing restoration results aspect of visual perception and also provides the best trade-off between impulsive noise suppression and detail preservation, as can be seen from Figures  2 and 3 . In order to appreciate the computational complexities of the NEF and the comparison methods, the average run times are documented in Table 4 , where it is seen that the run time of the proposed method is smaller than the run times of the majority of comparison algorithms. NEF yields satisfactory results in suppressing impulsive noise with no blurring while requiring a simple computational structure.
